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By Melvyn Savage and A. Richard Felix
SUMMARY

The present investigetion includes the deslign and tests of a
transonic inliet rotor in which emphasis was placed on increasing the
design specific weight flow (SWF) while maintaining reasonably high
pressure ratio and efficiency. The design alr SWF was 37.5 1b/sec/sq ft
frontal area. The rotor has & 12-inch tip diameter and an inlet hub-tip
ratio of 0.35 and was designed for no inlet guide vanes. The mess-
weighted design pressure ratlo 1s 1.293; the design tip speed is
a72 ft/sec; and the design inlet axial Mach number is 0.628. This paper
presents the overall performance as cobtained from detailed surveys taken
downstream of the rotor which wes tested in Freon.

At design speed & peak efficiency of 0.92 was obtained at an SWF of
35.5 1b/sec/sq ft and a mass-weighted pressure ratio of 1.28. At design
SWF (37.5 1b/sec/sq ft) the efficiency was about 0.87 and the pressure
ratio was 1.23 compared with 1.263, which is approximately the Freon
pressure ratio corresponding to the air design value of 1.295. Peak
efficiency gradually decreased from 0.92 at design speed to 0.85 at
121 percent design where SWF was 38.0 1b/sec/sq ft and the mess-weighted
pressure ratioc was 1.425. The maximum SWF obtained at 121 percent of
design speed was 40.0 1b/sec/sq £+ which corresponds to an inlet axial
Mach number of slightly over 0.70 and about 92 percent of the theoretical
maximum flow capeclty at a hub-tip ratio of 0.35.
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INTRODUCTION

For high-speed flight, it is desirable to keep the turbojet-engine
frontal area to a minimm. Since engine thrust is proportional to the
welght flow passing through the engine, high-thrust engines will require
that the maximum flow possible be crammed through an engine of given
diameter. The flow-handling cspaclty of the compressor has been one of
the limiting factors in the development of high-thrust engines. Then
too, since it is desirable.to maintain a high engine thrust-weight ratio,
"multistage axial-flow compreseors should be designed for the highest

practical values of stage pressure ratio and weight flow per square foot
of frontal area (specific weight flow, SWF) because these parameters
directly affect compressor size and welght. Specific weight flow can be
increased by either decreasing the hub-tip ratio or increasing the inlet
axial velocity, or both. I% has slready been shown that efficient
performance 1s possible for high-pressure~ratio stages in which the blade
gections are operating at transonic relative inlet Mach numbers. (See
‘refs. 1, 2, and 3.) ' It has alsc been shown thet efficient transonic
rotors at hub-tip ratios as low as 0.4 with a specific weight flow of
34.9 1b/sec/sq ft frontal area can be designed (ref. 3).

The present lnvestigation includes the design and tests of a tran-
sonic inlet rotor in which emphassis was placed on increasing the level
of design specific welght flow while mainteining a reasonably high
pressure ratio and efficiency. The design ailr SWF without correction
for boundary-layer blockage in the inlet was 37.5 1b/sec/sq ft frontal
aree. All design parameters were selected with the intention that the
rotor should be capable of passing higher than design specific flows
with ressoneble efficlency. The rotor has a 12-inch tip dlameter and
en inlet hub-tip ratio of 0.35 and weas designed for no inlet guide vanes.
The mags-welghted design pressure ratio is 1.293%; the design tip speed
is 972 ft/sec; and the design inlet axial Mach number is 0.628. Al1
blade~section selectlons were made by utilizing the low-gpeed cascsade
data of referepnces 4t and 5. The blade mean-line type was varied from
hub to tip.

The speed of sound in Freon-12 is sbout 45 percent of that in air.
Therefore, the duplication of the ailr Mach numbers in the Freon tests
requires less than half the rotational speed needed in air tests. The
blade stress levels are thus reduced sufficiently to permit quick fabri-
cation of blades fram fiber glase and a polyester resin. A description
of the rotor and blade febrication ie presented in the appendix. The
rotor was tested in Freon-12 in a supersonic compressor test stand at
. the Iangley Aeronautical ILaboratory.
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-
A frontal area, sq ft
Cy camber, expressed as design 1ift coefficient of
° isolated airfoil
c blade chord, Tt
cpm specific heat at constant pressure obtained by using :

average of upstream and downstream temperatures at
each radial station

D diffusion factor, D=1 - %%% + éizzn
M Mach number

N rotor speed, rpm

D static pressure, 1lb/sq ft

P total pressure, 1b/sq ft

q dynamic pressure, lb/sq ft

r radius, £t

Rip leading~-edge radius, percent chord

Rop trailing-edge radius, percent chord
SWF specific weight flow, E%E, 1b/sec/sq £t frontal area
% blede maximum thickness, Tt

T total temperature, °R .

AT total temperature rise, °R

U blade speed, f£t/sec

\'J - .velocity, ft/sec

W weight flow, 1b/sec



Subscripts:

A

P o< H¥| ¢ " OB ®H @ P

o

] NACA RM IS55A05

angle between flow direction and blade chord, deg
angle between flow direction and axial direction, deg

retio of inlet total pressure to NACA standard sea-level
pressure

efficiency based on momentum

ratioc of inlet total temperature to NACA standerd
sea~level temperature

flow turning angle, deg

mess density, slugs/ft3
solidity

blade~setting angle, angle between blade chord and
rotor axis, deg

air

axial

design

Freon

hub

relative to rotor blade
tip

tangential

venturl

upstream of rotor

downstream of rotor
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ROTOR DESIGN

General

The rotor design generally consists of two phases, that is, the
calculation of velocity dlagrams from prescribed design flow and
pressure-ratio conditions and the selection of blading to fit the
velocity-diagram conditions. Actually, the blading performence must
be considered in the selection of velocity diagrams to ensure good
performance. It 1s consideration of blade performance which dictates
the levels of Mach number, pressure ratio, and inlet angle that cen be
used in the computation of the veloclty diagrams.

Figure 1 shows the variation of tip inlet Mach number relative to
the rotor with specific weight flow for various hub inlet angles at
rh/rt = 0.35 \ for no-gulde-vane conditions (axial inlet flow). The

combination of low hub inlet angles &g shown in figure 1 and the thilck-
ness of the hub sectlons required for structural reasons presents a
blade-passage choking problem, at least on & two-dimensionaél basis.
Choking in the blade passage may be relieved by using higher inlet
angles (higher rotational speed) but, as can be seen in figure 1, higher
hub inlet angles are associated with higher tip inlet Mach numbers.
Hence, & compromise between high inlet Mach number conditions at the

tip and choke condlitions and the resulting high blade surface Mach
numbers at the hub section must be reached. A reletive tip Mach number
of 1.1 was selected Tor this design. This value should not be construed
to be a limiting value for efficient performsnce. Tt appeared to be a
value which should ensure good performance on the basis of references 1,
2, 3, and 6. At the design specific weight flow of 37.5 1b/sec/sq ft

of frontal ares, the resulting hub inlet angle was 26.7° at a relative
inlet Mach number of 0.70. Some unpublished high-speed cascade tests

at similar conditions have indicated that, on a two-dimensional basis,
inlet relative Mach numbers as high as 0.80 should be possible. Hence,
even on a two-dimensional basls the hub should be capable of an lncrease
over the design specifilc weight flow of some 7 to 8 percent. The sections
outboard of the hub section present a more open blade passage and, con-
sequently, the choking problem is much less severe and, in fact, generally
does not exist. Therefore, when the hub section is two dimensionally
choked the streamlines can be displaced around the hub region. Since
the amount of this three-dimensional movement is quite small, it is
likely that somewhat higher flows than occur when the hub section is
choked two dimensionally can be obtalned without seriously affecting

the rotor discharge angles and flow distribution.
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Velocity Diagrams

The design total-pressure ratioc varied from 1.25 at the hub to 1.35
at the tlp. Moderate rether than high pressure ratios were designed for
since the main emphasis in the design of this rotor was high specific
welght flow. The radisl variation in design pressure ratio was selected
g0 as to keep the Mach number and flow angle leaving the rotor hub in
stator coordinates to lower values than would be possible for a constant
pressure ratio of 1.293, which is the mass-welghted design pressure ratio.
Again, it must be emphasized that these pressure ratios are not absolute
design limits but were selected because they appeared to be in the high
efficiency range. The use of higher design pressure ratios would reduce
the loading mergin avallable for overspeed tests as well as raise the
stator inlet Mach numbers, which is less significant.

The veloclty diagrame were computed by satisfying the conditions of
1 dp _ V2
simple radial equllibrium = —= = .
mple radial eq r S -

radli bounding four stream tubes of equal welght flows. This regquired
gsome iterative calculetion but it was found that dividing both upstream
and downstream anmulil into equal-area sections was falrly close as &
first approximation in the iterative procedure. The inner-casing radius
was ilncreased to rh/rt = 0.45 at the rotor discharge. No boundary-layer

allowance was added and a rotor polytroplc efficlency of 0.90 was assumed
for the calculation. Flgure 2 presents the design veloclity-dlasgram deta.

The computations were made at

Blade Selection

The transonic compressor results to date have indicated that effi-
cient blade section performance at high relative inlet. Mach numbers may
be cbtained by keeping the level of blade surface Mach numbers as low as
possible. This was done in reference 1 by using blades made up of the
NACA 65-series thickness distribution and the NACA ApIg, mean line which

moved the loading toward the rearward portion of the blade where the
average velocities are less. It wes also done In references 2 and 3 by
reducing the thickness in the forwerd portion of the blade while at the
same time reducing the blade maximum thickness. Both of these methods of
holding blade surface Mach numbers down appeared to be desireble. It was
felt that more nearly optimum transonic blade sectlons could be designed
by combining the desirable features of each.

Thickness distribution.~ It is believed that transonic sections
should be thin in the forward portion with very little surface curvature.
As a result, surface Mach numbers would be reduced and, for inlet Mach
numbers high enough for a supersonic reglon to exlst on the suction
gsurfece, the strength of the shock emanating from the suction surface
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would be reduced and the likelihood of flow separation would thus be
reduced. Hence, the 65-percent-chord point was selected as the point
of maximum thickness as compared with the LO-percent-chord polnt for
the NACA 65-series thickness distribution commonly used in subsonic
compressor blading. In developing & l0-percent-thick section, the
Y~-ordinate at 5-percent chord was arbltrarily fixed at 1.53 percent.
The first 5 percent of the blade is the 7.l-percent-thick NACA 65-series
thickness distribution which matches the fixed 5-percent-chord ordinate
velue of 1.53. From 5 percent to 65 percent of the chord, a faired
curve was drawn to provide a smooth transition from the derived 5 per-
cent of nose region to the 65-percent point while at the same time
attempting to keep surface curvature low. The rearward portion of the
thickness distribution was obtained by fairing between the 65-percent
point and a l-percent-chord trailing-edge radius, again trying to
maintain low surface curvature. The coordinates for this thickness
distribution, herein referred to as the T1 thickness distribution, are
pregented for 10-percent meximum thickness in table T and a comparison
with the 65-series thickness distribution is presented in figure 3(a).
The vertical scale has been expanded toc emphasize the difference between
the two thickness distribubtions. Since thin sectlons will have lower
surface Mach numbers, the rotor-blade-section meximum thickness was
reduced as much as structural considerations would allow. As a result,
blade meximum thickness varied from 8 percent to 4 percent of the chord
from hub to tip. The verilation of leading-edge and trailing-edge radiil
with maximum thickness i1s indicated in figure 3(b).

Mean-line shape.- Since the tip section has the highest inlet Mach
numbers, the tip mean line selected was that having the greatest rearward
shift in loading, that is, the NACA ApIgy mean line. (Meen-line designa-
tions are explained in ref. 7.) Because of the combination of low inlet
angle and high solidity at the hub section and the need for sufficient
hub thickness from structural considerations, the hub problem is one of
avoiding a choked passage, at least on & two-dimensional basis. For low-
inlet-angle high-solidity conditions the NACA Ajg mean line presents a
considerasbly more open passage than the NACA A>TI8p mean line when

65-series thickness distributions are used. (For example, see ref. L.)
When the Tl thickness distribution is used with these mean lines, the
blade with the NACA Ajp mesn line still presents & conglderably more
open passage than the NACA AoIg,,. However, the AgT)y, and the A4 blades

had identical minimum passage areas at design angle of attack. Hence,
the question of which of the two blades would be the better for a tran-
sonie rotor-hub condition cannot be answered on a minimum-passage-aresa
basis alone. Some unpublished high-speed cascade test results for the
T1(184gI)y1,) 08 blade at conditions similer to the hub conditions in this

rotor indicated & failrly severe second velocity peak in the resrward
portion of the blade where the thickened boundery layer wlll reduce the
amount of diffusion that may be tolerated without flow sepsration.
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Therefore, to reduce this peak it was decided to utillze the NACA Ay

mean lire, which has less curvature in the rearward portion, for the
rotor hub section. The blade sections for the intermediate three radial
stations had a gradual change in meen-line loading from the Ajp to the

ApI8pb. The middle station of the blade had an AgI)y mean line and each

of the other two had mean-line shapes midwey vetween those of the two
adjacent redial stations. This selection of mean-line shape at each
radial station should not be construed to mean that these are the optimum .
blades for that particular station. For example, 1t is not obvious that
the AgI)y, mean line selected for the middle radial statlion 1s any more

effective than the AyIg),, mean line. It was reasoned thet the A6Ihb could

be used since the operating inlet Mach number level of that statlon was
considerably below that of the tip, where the AsIgy blade was used. A

linear progression of mean-line types from hub to tip was used to promote
the likelihood of smoothly faired blades.

Blade camber, solldity, end setting-angle selection.- A1l velocity
dlagramg were converted to equlvalent constant axial-velocity conditions
by maintaining all tengential components and aversging upstream and down-
stream axial velocities at each streamline. The resulting diagrams were
used both for selection of b¥ade camber and blade-setting angle. The
selection of blade solidlties requires a compromise between aerodynamic
requirements at the hub and tip and blade stress limitations. As design
solidity is decreased, camber must be lncreased for the same turning
angle. At transonic inlet relative Mach nmumbers of the order of 1.1,
definite limits regarding the blaede surface curvature and blade surface
Mach numbers have not been established. Hence, all that can be stated
ig that it 1s desirable to keep blade surface curvature low and, hence,
s0lidity as high as possible in the tip region.

For low hub-tip ratios (rh/rt of the order of 0.35) the selection
of high tip solidity and constant-chord blades will result in high hub
solidities. For example, a value of o = 0.75 at rh/rt = 0.35 will
result in o, = 2.1%. BSince the minimum passage area between blades is
decreased with increasing solidity, high hub solidity can result in a
two~-dimensionally choked pasesage. However, if hub solidlty is decressed,
then camber will increase and, although no choked passage occurs, surface
Mach numbers become excessive because of large blade surface curvatbure.
Definite limits have not been established regarding either how nearly
choked, on a two-dimensional basis, the hub section can be or how high
the hub camber can be before surface Mach numbers become excessive and
poor performence results. Aside from aerodynamic requirements on blade-~
chord varilations, any severe Increase in chord with radius would result
in high blade stresses. Therefore, the selection of blade solldlities
resolves itself into a compromise of stress and serodynamic considera-
tions with the limits on both not well defined.
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The increase in chord from hub to tip was arbitrarily chosen to be
approximately 20 percent to provide a reasconably strong blede. Once the
variation in chord from hub to tip is fixed, the selection of solidity
at any radial station defines the solidity all along the blade. The hub
solidity was chosen as 1.5 and as & result the tip solidity was 0.75.
This selection was an attempt to arrive at an effective compromise
between the aerodynemic requirements of the hub and tip and provided a
margin of 7 to 8 percent between minimum passage ares and choke flow
area at the hub. The resulting tip camber was 0.70.

The blade cember and blade-setting angles were determined from the
low-speed cascade data presented in references I and 5. In reference b
i1t was shown that at the deslgn angle of attack all the Clo = 1.2 mean

lines investigated produce approximately the same turning angle and that
the design angle of attack veries almost linearly with variation in
mean~line loading distribution. Hence, the more extensive cascade data
of reference 5 could be used to obtain the appropriate cambers for
conditions at which the other mean lines were not tested. Suiteble
adjustment of angle of attack was necessary 4o account for the change

in design angle of attack with varlation in loading distribution. Iinear
interpolations were used to obtain all intermediate mean-line conditions.

The results obtained in reference 1 indicated that in the transonic
speed range the angle of attack associated with peak efficiency was some
40 sbove the low-speed design angle of attack. In order to produce a
given turning angle when operating ebove low-speed design angle of attack,
it is necessary to use & lower camber than would be prescribed by the
low-speed design charts. Therefore, both design and off-design low-speed
cascade data were used to determine the cembers and angles of attack which
result for blade sections operating from 2.4° at the hub to 3.2° at
the tip above thelr design angles of attack as indicated from low-speed
cascade tests.

Details of the design blading used are presented in figure 4. Tt
should be noted that blade sections and engles were all determined in
the planes indicated by the capital letters. In computing the solidiby
the mean radii between corresponding inlet and cutlet redii were used.
A photograph of the rotor is shown as figure 5.

COMPRESSOR INSTALTATION AND TEST PROCEDURE

Test Rig

The compressor instellation used in these tests is & closed-circuit
rig equipped to use either Freon or alr as & testing medium. A schematic
disgram of the layout is shown in figure 6(a). This installstion is
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essentlally the same as the one described in reference 8 except that
the 1,000-hp compressor drive motor has been replaced by a 3%,000-hp
induction motor which, with a gear ratio of 2.015 to 1, makes possible
a top rotor speed of 135,300 rpm. Since it is difficult to increase the
flow area at the inlet to the radial diffuser, low-hub-tip-raetio high-
flow rotors could only be tested by reducing the rotor tip dlameter to
eliminate the problem of a choked diffuser inlet. Hence, the tip diam-
eter of the test section was reduced fram 16 inches to 12 inches. This
reduction in rotor size and actual volume flow would also reduce the
pressure loss in the system, which is important because there is no
guxlliary boost. To reduce further the pressure logss of the system,
one of the 60 mesh screens upstream of the venturl meter was removed.

A schematic of the test section is indicated in figure 6(b).

Test Procedure

The rotor tests were made over a range of corrected tip speeds from
81 to 121 percdent of the design speed. At each speed the weight flow
was varied from the meximum possible to the surge voint by continuocusly
increasing the back pressure. The settling~chaember pressure was held
congtant at approximately 20 inches of mercury absolute.

The tests were conducted by using Freon-~12 as a testing medium. At
the design inlet axial Mach number of 0.628 the Freon equivelent corrected
tip speed corresponding to the design air value of 972 ft/sec was
437 ft/sec. This equivalent condition is the rotor speed in Freon at
wvhich both inlet axial Mach number and mean radius inlet angle are the
same as the design air values. (See ref. 9.) The Freon equivalent
pressure ratio corresponding to the air design velue of 1.293 is 1.26%.

Instrumentation and Data Reduction

Flow condltions upstream of the rotor were obtained by measuring
stagnation pressure and temperature in the settling chember and using
four. inner~ and outer-wall static taps circumferentially located at 90°
intervals epproximately 1.5 inches upstream of the rotor. The following
measurements were meade approximately 1.5 inches downstresm of. the rotor:

(1) Total temperatures were obtained by using two rakes of four
gshielded chromel-alumel thermocouples spaced radially to cover the entire
passage and located circumferentially approximately 180°C spart. Fig-
ure 7(a) shows one of these rakes. These rakes were comnected to a four-
bell rake upstream to read the temperature dlfferential across the rotor
et various radisl stations.
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(2) Radial surveys at 13 points of total and static pressure and
flow angle were made by using a prism probe of the type described in
reference 10 and shown in figure 7(b).

(3) Wall static pressures were obtailned from four inner- end outer-
wall static taps located at 90° intervals.

The survey data in conjunction wilith the wall-tap and the upstream

instrumentation readings were used to compute mass-weighted efficiency
based on the power input cobtained from momentum considerations:

Ty
2
JF o ®Pm ATigen P2Vay dr

where
' P z-1
_ 2
AT sen = <1?£) 7 -m

This equation presumes that there is no inlet swirl; however, some
unpublished results of a preliminary detailed survey upstreem of the
rotor indicate that there is a smell smount of swirl (of the order of
39} in the direction of rotation in the extreme tip region. Because
of the direction of the swirl, the efficiencies herein reported are
slightly lower than would occur if the swirl were taken into account.
Only momentum efficiencies are presented since the small temperature
rises associated with testing in Freon at these pressure ratios mske
it difficult to cobtaln accurate tempersture-measured efficienciles.

Mass~welighted overall pressure ratio was obtained using the
following equetion:

2

TS p
2 >
P2 __Th
P N 1-,2
f A ar2
Th

Weight flow was obtained by utilizing the previously mentioned
upstream measurements. No blockage factor was included in the ares
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term of the continuity equation since the inlet contraction ratic and
Reynolds number were 1ln the range in which, within the weight-flow-measuring
accuracy, the flow coefficlient msy be considered to be unlity. A prelim-
inary examination of the inlet total-pressure distribution cbtained from
single line traverses made upstream of the rotor further corroborated

this assumption. There was some radial varietion in static pressure at

the inlet and an average of the inner- and outer-wall tap readings was

used. Weight flow was also computed by using the downstream survey data.
Figure 8(a) indicates the magnitude of the difference between the upstream
and downstream measured weight flows. Generally, the agreement between

W1 and Wo was within tE% percent. A calibrated venturi indicated in

figure 6 was also used to compute weight flow. The variation between the
venturi weight flow and the upstream weight flow is shown in figure 8(b).
The venturi weight flow was generally some 2 percent greater than Wy.
The welght flow used to present the overall performance 1s the weight
flow obtained from upstream flow measurements W;.

DISCUSSION OF OVERALL: PERFORMANCE RESULTS

The mass-weighted overall performance of the transonlc compressor
rotor 1s presented in figure 9 where adlabatic momentum efficlency mny

and total-pressure ratio Pp/P; are plotted against corrected Freon

Weyfo
welght flow i!—- for each of the rotor speeds tested. The alr equiv-

alent corrected specific welght flows which correspond to the inlet

axial Mach numbers cbtalned in Freon are also indicated. At design

speed a peak efficiency of 0.92 was cbtained 8t 35.5 1b/sec/sq £t

frontal aree and e pressure ratio of 1.28. At design SWF (37.5 1b/sec/sq ft
frontel area) the efficiency was about 0.87 and the pressure retio was
1.23 compared with 1.263, which is approximately the Freon pressure ratio
corresponding to an air design value of 1.2935. This lower than deslgn
pressure ratio results because (1) lower than design efficilency was
obteined and (2) a preliminary examination of the survey data indicates
lower than design turning angles over an extensive portion of the hub
region and to a lesser extent at the tip region.

At and below the design speed the complete high efficiency ranges
could not be obtained because the high-~flow region is limited by the
losses in the test loop as compared with the compressor pressure ratio
gince the test campressor supplied all the pumping action. The 2-percent
drop in peak efficiency which occurred between design speed and 81 percent
of design speed might be caused by a Reynolds number effect.
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Pesk efficiency gradually decreased from 0.92 at design speed %o
0.84% at 121 percent design where SWF was sbout 38.0 1b/sec/sq £t frontal
area and the pressure ratio was 1.425. The maximum SWF obtained at
121 percent of design speed was 40.0 1b/sec/sq ft frontal arees which
corresponds to an inlet axial Mach number of slightly over 0.7 and about
92 percent of the theoretical maximum flow capacity at a hub-tip ratio
of 0.35.

SUMMARY OF RESULTS

The following overall performence results were obtained from an
experimental investigation of a high-performance transonic axial-flow
canpressor rotor:

1. At design speed a pesk efficiency of 0.92 was obtailned at
35.5 lb/sec/sq f+t frontal area and a mass-weighted pressure ratio of
1.28. At design specific welght flow (37.5 lb/sec/sq £t frontal area)
the efficiency was sbout 0.87 and the pressure ratio was 1.23.

2. Peak efficiency gradually decreased from 0.92 at design speed
to 0.8+ at 121 percent design where the specific welght flow was
38.0 Ib/sec/sq ft frontal area and the mass-welghted pressure retio
was 1.L425.

%. The maximum flow obtalned at 121 percent of design speed was
k0.0 Ib/sec/sq £t frontal area which corresponds to sn inlet axisl Mach
npumber of slightly over 0.70 and about 92 percent of the theoretical
maximum flow capecity at a hub-tlp ratio of 0.35.

Lengley Aeronautical Isboratory,
National Advisory Committee for Aeronsutics,
Iangley Field, Va., December 29, 195k.
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APPENDIX
DESCRIPTION OF ROTOR FABRICATION

The materials and type of construction used in the fabrication of
this rotor were unusual enough to warrent description. The rotor 1a of
integral construction, that 1s, the blades and hub were built as a unit.
The materials used were fiber glass, polyester resin, and balsa.

Construction of the blades was begun by building a mester blade from
which a mold was cast in two halves. Two types of fiber glass, roving
and woven, were used in the blades, along with the polyester resin. The
roving fiber glass was leld spanwise in the blede to provide tensile
strength whereas the woven fiber glass was placed near the surface of
the blade to supply torsionel stiffness. It was found that 100 strands
of roving fiber glass (aspproximately 1/16 inch in diameter) would provide
the desired retic of fiber glass to resin whiech is T to 3. Eight groups
of 100 strands of roving fiber glaess approximately 8 inches long were
then assembled. On one end of each of these groups a blade was cast in
the following manmer. A sheet of 0.004-inch woven fiber glass was placed
in each helf of the mold which hsd been previously treated with & parting
agent. Next, a sheet of 0.009-inch unidirectional woven fiber glass was
placed on each half-mold such that the greater number of strands ren in
the chordwise direction. The more finely woven 0.004 cloth was placed
nearer the surface of the blade than the 0.009 cloth because this arrange-
ment gives a smoother cast surface. Then one end of each of the groups
of roving fiber glass was saturated in a vat of resin after which the
saturated group was placed in the mold under some tension and the mold
closed. After the excess resin had drained from the blade area of the
mold by means of channels provided at the leading and tralling edges,
the blade wes allowed to cure in the mold at room temperature for several \
hours.

A balsa hub was turned slightly undersize to allow for & surface
layer of woven fiber glass. A large center hole was drilled through the
hub and slots through the outer surface into the center hole were pro-
vided for each of the eight blades. Thisg hub was then wrapped with
woven fiber glags saturated with resin and turned to the finished dimen-
sions. The elght blades were fitted into the hub with the roving from
diametricelly opposite blades combed together. The roving from each
diasmetrically opposite pair was intermeshed in the center with that of
all other pasirs. The center of the hub was then filled with resin and
a fiber-glass filler. After the completed rotor had been allowed to
cure for a considersble length of time, the rotor blades were tipped to
the proper dismeter.
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The weight of each of the blades with the protruding roving fiber
glass was 0.16 pound. The weight of the hub before any of the blades
were inserted was 0.66 pound. The total weight of the finished rotor
was 2.81 pounds. .
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